Gigabit Networking

Today’s advanced networks based on HIPPI and fiber optics will
soon be routine, and they will span continents.
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¢ omputer networks must become faster

because the equipment that is being

interconnected has increased in power

and performance. Ethernet, with a

10-Mb/s speed, seemed awesome a

fewyears ago, butisbeginning to show its age as more

machines are tied together and workstations
attain the power of yesterday’s mainframes.

Networks using gigabit speeds are just start-

ing to become available and offer a whole new set

of problems and potentials. The advanced networks

proposed for supercomputers today will be the

run-of-the-mill networks interconnecting work-

stations and other ADP equipment in the near future.

Not only are the bandwidths increasing, but the

distances spanned are going from machine-room-

size to cross-country. Fiber optics is an enabling tech-

nology in this evolution, providing longer distances,
higher data rates, and improved error rates.

Factors Driving Gigabit
Networking

hen networks were mainly used to carry

key strokes between dumb terminals and
mainframes, 9600 b/swas quite adequate; it was con-
siderably faster than people could read. Today, it
is more common to pass files and pictures between
workstations, mainframes, and storage systems. The
empbhasis is on improving the user’s productivity and
avoiding network bottlenecks.

If a picture is worth a thousand words, then
it probably also takes a thousand times the band-
width to transfer that picture. People are not con-
tent with just pictures; presenting the computer
output data in movie format (called visualization)
is the newest craze, and offers even greater
increases in user productivity. The potential
bandwidth of the human eye-brain system has
been calculated to be on the order of a few giga-
bits per second; hence, gigabit speeds should sat-
isfy the individual user’s needs for a while [1].
The networking factors of importance for visual-
ization are raw speed and noninterference between
data streams—if a visualization data stream is

interrupted by another packet, the user sees a glitch,
which is very distracting. Visualization sessions
also tend to last for many seconds, compared to a
single packet transfer, which may take only a few
microseconds. Error control is also unique for
visualization, since data in error is usually dis-
carded rather than retransmitted.

As computers become faster, they also
increase their appetite for data. A computer that
isidle because of bottlenecks forinput or output data
is wasting computing cycles. A major factor is the
bandwidth between the computer and its mass
storage system. Mass storage systems used to be lim-
ited to single disks intimately attached to individ-
ual computer systems; today, the trend is for
groups of disks to be shared among a group of
networked workstations. The networking factors
of importance for file transfers are raw speed and
fairly large files; latency and interfering data streams
are not major concerns.

An interesting idea gaining acceptance is the
close coupling of many workstations to achieve
the computing power of a supercomputer. Single
central processing unit (CPU) supercomputers
are running out of potential performance gains, due
to the laws of physics limiting the speed of light
and electrons. Performance gains in the future
will be achieved by interconnecting many smaller
computers and spreading the problem across all
of them. This has humorously been termed “the
attack of the killer micros.” The networking fac-
tors of importance for remote procedure calls (RPCs)
are raw speed, low cost (it should not cost more
than the workstation), and low latency. After an
initial large setup file, the information trans-
ferred tends to be mainly short data, control, and
synchronizing messages.

High-speed interconnections used to be con-
fined to machine rooms, with distances on the
order of afew hundred feet. This was adequate when
only machines needed to intercommunicate, but now
the demands are for people to interact with the high-
speed data directly through visualization. Placing
the people close to the supercomputers is one
solution, but has proven ineffective. We have
found that a person will put up with an average
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system in their office rather than go 100 fect
down the hall to asuper system. Itis not the walk that
seems to bother people, it is the lack of their
“environment.” In their offices they have refer-
ence papers, the phone forimportant incoming calls,
and other items necessary for the performance of
their work. Hence, we must find ways to provide
the necessary bandwidth in the person’s office.
Amajor strength of supercomputers is that they
can handle very large problems requiring massive
amounts of high-speed memory. Problems like mod-
eling the weather require vast amounts of memo-
ry and lots of high-speed number-crunching. A
set of problems, called the “grand challenge”
problems (e.g., weather forecasting), require the
biggest and fastest machines available. Super-
computers are expensive to purchase and oper-
ate. It is not practical to place a supercomputer
on each scientist’s desk, nor to move all the scicn-
tists to a central computer site. The direction
being taken is to provide high-speed access for
the scientists, so that it seems as though they are
sitting next to the machine. When the scientist is
in Texas and the computer in California. you
have a long-distance communications problem—
or opportunity—depending on your point of
view. The National Education and Research Net-
work (NREN) has asits goal a 3-Gb/s backbone net-
work across the nation within 10 years: this is
ambitious. Part of the rationale is that computing
isanational resource, whichwe must fully tap tostay
competitive in today’s global marketplace.

Data Communications and
Telecommunications Cultures

One challenge is to marry the local area nctworks
(LANS) used to interconncct the supercomputers
with the long distance networks used for telecom-
munications. Data communications and telecom-
munications come from different backgrounds
and cultures, with different goals, tools, and
problems. This is not to say that one culturc is
right and the other is wrong; it is just that they
are different. There must be a learning period for
each culture to understand how the other works. and
why it works the way it does.

Telecommunications and computer net-
works have traditionally used different tech-
niques. Telecommunications networks have
effectively used circuit switching and time-divi-
sion multiplexing of many slow channels to a sin-
gle fast channel; computer networks have used packet
switching with datagrams, where each packct
takes the total bandwidth of the media. Telecom-
munications networks have been very concerned
with guaranteed bandwidthso that the latency is con-
sistent, for example, not causing uneven time
delaysin speech traffic; computer networks were less
worried about inconsistent delay, and more con-
cerned with allowing use of all of the available band-
width.

Now we are seeing the two “cultures” start-
ing to merge. Computer networks need some of
the guaranteed bandwidth of circuit-switching tech-
niques to transmit isochronous video and voice among
the end nodes. Likewise, teleccommunications
networks are becoming digital and using small pack-
ets, e.g., 53-octet (byte) cells in Asynchronous Trans-
fer Mode (ATM) with the Synchronous Optical
NETwork (SONET) for carrying multiple traffic

streams. Telecommunications networks still need
a call setup to load the address translation look-
up tables in the route and possibly allocate band-
width.

The messages in computer networks are nor-
mally sent in datagram mode. By this, we mean
that a host sends a message to adestinationwhen the
media is available. The destination may reply. but
the reply is a separate datagram message. The
timing of the messages is indeterminate, as long
as it is within some bounds. Bursty use of the
media is the result. The protocols nominally run
timers so that if a reply is not received within
some defined timc-out period, the original mes-
sagc is resent. This compensates for messages
that are lost or garbled in the network. In con-
trast. the traffic for telecommunications networks
has been mostly synchronous in nature: for exam-
ple. voice or video. If the data docs not arrive
within stringent time constraints, it is useless and
may as well be discarded.

Other potential problems associated with ATM
include the fact that the cells do not include any error
detection. e.g.. parity. on the data portion of the cell.
Cells may also be discarded by intcrmediate
switches during overload conditions. Error recovery
will probably not be done at the cell level, butatsome
group of associated cells, c.g., a packet. Hence,
onc bad or lost ccll can cause the retransmission
of a packet with a large number of cells.

In computer networks, i.c., data communica-
tions. a transmission normally takes the full band-
width of the media for a short length of time. For
example, a packet on Ethernet may be up to 1500
bytes long and is transmitted at the full 10-Mb/s media
speed until all 1500 bytes have been transmitted.
No other information flows during this time. A media
access protocol is used toregulate when another host
can transmit. ensuring that the messages donot inter-
fere. In contrast, telecommunications networks mul-
tiplex many low-speed data paths onto a single
high-specd media. Asarule, noone user gets the full
media bandwidth.

Computer networks usually connect to hosts
with both in and out paths. but nominally use
onlyone directionatatime. i.c., eithersend orreceive,
but not both simultaneously. For example, in a
bus or ring architecture like Ethernet or Fiber
Distributed Data Interface (FDDI), which allows
only a single message on the media, simultaneous
transmission and reception of different messages
isimpossible. In contrast, telecommunications oper-
ations arc usually full-duplex, with bandwidth
available simultancously in both dircctions, even
though with voice traffic only one side is nominal-
ly used at a time.

Computer networks nominally use variable-size
packets with defined maximum and minimum
sizes. Large packet sizes are useful, as they incur
the least amount of overhead for the amount of data
transferred. Small packet sizes may be more efficient
in that they take less time to transmit and incur
less latency. The idea is to match the packet size
to the amount of information to be sent. In con-
trast, most teleccommunications systems operate
on fixed-size units, for example, either allocated
bandwidth or fixed cell sizes.

Conventional wisdom says that the less you
“touch” the information to be transmitted, the lower
the overhead. i.e.. large packets are more effi-
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cient. A LAN interface or bridge that can touch,
or operate on, 20,000 packets/s is considered very
fast, and effectively takes 50 ps for each packet.
At 800 Mb/s, 50 us translates into a 5-kbyte pack-
et; anything smaller would result in an effective lower
bandwidth, due to the 50 us processing overhead. At
the 2.4-Gb/s speed of SONET, a 53-octet cell
takes less than 200 ns; hence, assembling and
working with 53-octet cells is going to be a chal-
lenge at the higher SONET rates, e.g., approximately
5,600,000 cells/s at 2.4 Gb/s (OC-48).

As a computer network reaches saturation, a
host sees longer delays in sending messages, but
is usually not totally locked out. In essence,
everyone on the network sees reduced performance,
but no one is denied service. In contrast, when a
telecommunications network saturates, it denies ser-
vice to new users as they attempt to sign on. This pro-
tects the existing users but hinders new users.
Telecommunications networks may throw away some
cells during an overload, while this does not normally
happen in computer networks.

When alocal computer network isinstalled, the
cost is mainly the capital cost of the equipment. Once
purchased, it does not cost any more to fully load
the network than it does to transmit one short
message a day. In contrast, when using a telecom-
munications network, you are renting bandwidth
and not purchasing equipment. A major goal of com-
puter network vendors is to deliver data with a
high degree of reliability. Once sold, the comput-
ernetwork vendor has minor interest inwhether the
equipment is used to its full capability or not. In
contrast, the telecommunications industry is inter
ested in keeping the channels as full of data as
possible, since this is where they get their
revenue.

Changes in Computer Networks

Computer and telecommunications networks are
changing to accommodate higher speeds, longer dis-
tances, and new technology. The protocols useD
incomputer networks today were designed based on
yesterday’s technology. An example is Transmission
Control Protocol/Internet Protocol (TCP/IP).
This popular protocol was designed for long distance
communications over the telephone system when
error rateswere on the order of 10+ and speeds were
in the 50-kb/s range. Now we are pushing gigabit
speeds, and the transmission systems are much more
reliable. It has been almost a chicken-and-egg sit-
uation. Until there were reliable high-speed com-
munications paths available and in use, there was
little incentive to build protocols to take advan-
tage of them. XTP is an example of a protocol
that is being developed with higher speeds in
mind.

Some of the protocol changes to support
higher datarates are obvious. For example, in TCP/IP
the checksum is placed in the packet header,
while more modern protocols put the checksum
in a trailer so that it can be calculated as the data
is being transmitted instead of requiring a sepa-
rate pass through the data. Another example is pack-
et size—when error rates are high, large packets
are impractical, because the probability of a pack-
et without errors is small. The higher data rates
and longer distances also require a larger window
size (the number of allowable unacknowledged pack-
ets), hence allowing more packets to be in transit.

Standards

The computing and telecommunications indus-
tries have become aware that hardware and software
standards are necessary for future growth. No
single company can provide all of the solutions,
and interoperation with other vendors requires
agreed-upon interfaces. Users are also demand-
ing conformance to standards, so that they can
purchase from multiple vendors and minimize
their training costs. Some years ago, some people
thought that standards stifled creativity. It is our
observation that standards allow a company to invest
alarger amount in their own areas of special
expertise, with a smaller investment required to inter-
face to the other vendors that conform to astandard.
Otherwise, the cost of separate interfaces to each
individual vendor may well outweigh the cost of
the main business.

We have also seen that the standards process
usually brings together the best and brightest
people of many companies to work collectively on
a problem. Design by committee really does
work; the output of astandards committee is usually
considerably more thorough and of higher quality
than if one person or one company had done the
complete job. We cannot say enough good things
about the companies and individuals that support
the voluntary standards efforts. In the gigabit
computer networking arena, the High-Performance
Parallel Interface (HIPPI) and Fiber Channel
(FC) are examples of interfaces currently in the stan-
dards process. SONET and ATM are examples of
standardization of higher speeds in the telecom-
munications industry. Protocol and software stan-
dards have also benefited from committee input.

High-Performance Parallel
Interface

he HIPPI effort was started by the Los Alam-
os National Laboratory in early 1987. Our

motivation was to have the vendors in the super-
computer community agree on a physical inter-
face standard [2] so that separate interface
adapters would not be required to connect to
each vendor’s proprietary interface. When we
first took our proposal for an 800-Mb/s interface
to the American National Standards Institute (ANSI)
X3T9.3 Task Group, we were labeled as the “lunatic
fringe”—who in the world would need anything
that fast? Needless tosay, we are no longer the lunatic
fringe; in fact, some people say we aimed too low.

HIPPI was the first hardware standard in the
super-computing arena. You may have heard of
HIPPI previously as HSC or HPPI. The name
was changed to avoid infringing on existing Digi-
tal Equipment Corporation (DEC) and Hewlett-
Packard trademarks. Some of the initial X3T9.3 goals
for the HIPPI physical-level interface (HIPPI-
PH) included:

* Afire hose for moving data at 800 or 1600 Mb/s

*To get it done quickly, since we had immedi

needs
*To use current technology—no new silicon
required

*To avoid options

*To keep it simple

We achieved these goals, and the first HIPPI
interfaces were delivered in late 1988. Since then,
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many vendors have implemented HIPPI on their
products or are in the process of doing so. Currently,
HIPPI is the interface of choice in the supercom-
puting arena.

HIPPI provides a point-to-point simplex
data path; that is, it transfers in one direction
only. Two back-to-back HIPPIs provide full-
duplex or dual-simplex operation. 800 Mb/s is
supported on one cable, and 1600 Mb/s requires two
cables. The cables use twisted-pairs copper wires,
are limited to 25 m in length, and are about 1/2-
in. in diameter. Standard ECL drivers and receivers
are used.

The hierarchy within HIPPI is:

*Connection—Must exist before data can be
transferred

*Packet—Groups multiple bursts together
into a logical entity

*Burst—Up to 1 or 2 kbytes, basic flow con-
trol unit, words within a burst are transferr-
ed synchronously with a 25-MHz clock;

a checksum follows each burst

*Words—32 bits on 800-Mb/s HIPPI, 64 bits
on 1600- Mb/s HIPPI, plus an odd parity
bit for each byte in each word

HIPPI also provides a flow control mecha-
nism that allows full bandwidth over many kilo-
meters, for use with fiber optic extenders or
across other networks such as SONET. Flow control
is done on 1-kbyte or 2-kbyte bursts, decreasing
the physical-level overhead. Error detectionis done
in a modular fashion on individual bytes and
bursts, supporting very large (megabyte) packets
inaconsistent fashion. Error recoveryisthe respon-
sibility of higher-layer protocols.

Networking at the physical layer is supported
by HIPPI addressing and “connection” con-
structs. A common HIPPI network architecture uses
a crossbar-type circuit switch (for example, a Net-
work Systems Corporation PS32 Hub). Itworks much
like a user’s view of a telephone connection; that
is, the HIPPI source provides a destination
address (phone number), and the destination sig-
nals whether it can accept the connection (answers
the phone). Once aconnection is made, one or more
packets of data may be passed without further
interaction with the switch, i.e., the overhead is
onlywhile the connectionisbeing completed. Either
end may hang up, terminating the connection.

The suite of HIPPI documents has expanded
beyond the HIPPI-PH described above. The
HIPPI switch control (HIPPI-SC) defines how phys-
ical-layer switches operate and are addressed.
The HIPPI framing protocol (HIPPI-FP) oper-
ates much like a data link layer, breaking large pack-
ets up into smaller bursts for transfer across
HIPPI-PH. HIPPI-FP alsospecifies a header, describ-
ing to whom the packet belongs and where the
data is located in the packet. Multiple protocols are
supported above HIPPI-FP.IEEE 802.2 link encap-
sulation (HIPPI-LE) provides amapping to the IEEE
802.2 data link for support of common network
protocols such as TCP/IP. The HIPPI memory inter-
face (HIPPI-MI) provides commands for reading
and writing memory systems attached through HIPPI.
A mapping to the Intelligent Peripheral Interface
(IPI-3) commandsets for disks and tapesis also sup-
ported, and is currently being used for stripped
disk products.

Serial-HIPPI

The X3T9.3 Task Group wanted to use fiber
optics when the HIPPI project was started, but at
that time felt that the technology was not mature
enough for the speeds we needed. Since we had
an immediate need, the HIPPI interface was
specified with copper twisted-pair cables limited
to25-m distances. Longer distances were needed for
many applications, and this resulted inanad hoc pro-
jecttodevelop a “HIPPI extension cord” called Seri-
al-HIPPI [3].

The purpose of Serial-HIPPL is to extend the
physical range of HIPPI beyond 25 m and replace
the parallel HIPPI cable by a single metallic or
fiber cable. Other goalswere to provide alow-error-
rate link to support distances up to 10 km using parts
available from multiple vendors. The Serial-
HIPPI was to be transparent to the end systems;
the only difference they would seewould be an addi-
tional latency due to the time of flight.

A major task in Serial-HIPPI was picking the
coding scheme for the serial stream. The contenders
were 4b/5b as used in FDDI, 8b/10b as used in
FC, 8b/10b plus forward error correction code (FEC),
scrambling, and 20b/24b. The final decision was
between 8b/10b + FEC and 20b/24b.

The 8b/10b + FECscheme took a 32-bit HIPPI
word with the four parity bits, added the HIPPI
control signals, and then encoded it with an
8b/10b code. An eight-bit FEC code was then
generated for this encoded block, and the FEC
bits, along with the complement of the FEC bits
for DC balance, were interspersed within the
block along with synchronizing bits. This scheme
allows correction of any single bit error in the
block and detection of all double bit errors. A penal-
ty is that the FEC added to the bandwidth, so
that a 1.5-Gbaud serial signal was needed. A ben-
efitis that an inexpensive laser with a higherbiterror
rate (BER) could be used in a link and still
achieve a low system BER.

The 20b/24b scheme uses a running count of the
number of ones and zeros transmitted, plus
knowledge of the number of ones in the next 20-
bit code group, to decide whether or not the next
20-bit code group should be inverted. This results
in a DC-balanced code, but there may be up to 33
contiguous bits without a transition. The 20b/24b
scheme uses a 1.2-Gbaud serial signal. A benefit
of the scheme is that the clock recovery phase
lock loop operates with a consistent update peri-
od, making it very stable and easy to implement.

Choosing between the 8b/10b + FEC and
20b/24b schemes was difficult. Proponents of
each were knowledgeable and presented their
cases well. A question that we had difficulty
answering was, “What will be the most predomi-
nat error mechanism in operational links: single-
bit random errors or burst errors?” The decision was
finally made by a narrow margin to accept the 20b/24b
scheme. A factor that influenced this decision includ-
ed the fact that the predominant errors the par-
ticipants had seen in similar links were bursty in
nature, often caused by power supply fluctuations
induced by power line disturbances. They stated that
their links either ranwithout errors or were the equiv-
alent of totally dead.

Itwasfelt that the single-bit random errors were
areal case, but occurred mainly when a link was being
operated at its maximum limit, i.e., close to the noise
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floor. Running at the maximum allowable dis-
tance is very important in the telecommunica-
tions world, where the distances require repeaters,
and the fewer the repeaters the cheaper the link. This
is not normally the case for computer links. It was
felt that most Serial-HIPPI links would be about
1 km or less, and only a few would even approach
10 km. Hence, a little extra power could be used
to escape the noise floor and avoid the random errors.

HIPPI already includes error control infor-
mation in the form of odd-byte parity and an
even-parity checksum over all the words in a
burst. The 20b/24b scheme arranged the HIPPI
bits in a fashion so that one, two, or three bit
errors would be detected by the 20b/24b coding
or HIPPI checks. The possibility of undetected errors
isextremely small. Also, the baud rate for the 8b/10b
+ FEC was 1.5 Gbaud, 25% higher than for the
20b/24b. It was felt that the higher baud rate
would cost more, and the higher speed would
also make it more error-prone, defeating its
intent.

A chipsetisbeing developed by Hewlett-Packard
toimplement the Serial-HIPPI 20b/24b coding. This
coding scheme had already been chosen by the
Scalable Coherent Interface (SCI) for their serial
links. Using common parts should result in larger
volumes and lower chipset costs. Serial-HIPPIspec-
ifies a baud rate of 1.2 Gbaud and a distance of
up to 10 km using 9-um single-mode fiber. The
optical transmitter is specified as a pigtailed laser
withacenterwavelengthbetween 1285 and 1330 nm,
and a mean launch power of -9 to -6 dBm. The
optical input to the receiver is specified as -22 to -
6 dBm. The optical connector is either the FC/PC,
or Super FC/PC, with a mean connector loss of
less than 0.25 dB. The minimum unallocated
optical power margin is +2.6 dB.

Serial-HIPPI also specifies copper coaxial cables
for short distances. It was felt that coax would
provide low cost, as well as a small connector
footprint when compared to the standard HIPPI-
PH 100-pin connector. Coaxial cable would be
useful for intra-cabinet and local distribution,
e.g., interconnecting a cluster of workstations. A
motherboard/daughterboard packaging would allow
the final drive elements, optical or electrical, to
be tailored to the situation. 50-ohm coaxial cable
is specified for limited distances, with or without
an equalization circuit. Distances of up to 9 m are
supported with RG 174U coax, and up to 36 m
with RG 8/U. These distances could probably be
improved with a better equalizer circuit.

A BER of <102 is specified for Serial-HIPPI;
actual BERs are expected to be considerably bet-
ter. A problem with specifying a lower BER is the
time required to test a unit for compliance—pos-
sibly too long to be practical.

1600-Mb/s HIPPI, which uses a parallel 64-
bit data word instead of the 32 bits of the 800-
Mb/s version, is also supported by using two 800-
Mby/s Serial-HIPPI units and two fibers in each direc-
tion. A synchronizing pattern is available for
time-aligning the two units.

NREN and CASA Testbed

Supercomputers have proven to be very effective for
simulating physical phenomena. Congress, in an
attempt to increase the effectiveness of U. S. sci-
entists and engineers, is pushing the NREN, with

a goal of a coast-to-coast 3000-Mb/s computer
network backbone [4, 5]. If you cannot move the users
to the computers, then make the computers avail-
able to the users as if they were adjacent. There is
a lot of research and testing going on to make the
NREN a reality within the time goal. Los Alamos
is participating in the CASA testbed. HIPPI is
also being used heavily in the testbeds.

The Los Alamos National Laboratory is part of
the NREN CASA gigabit testbed. CASA also
includes the San Diego Supercomputer Center, Cal-
tech, and the Jet Propulsion Lab (JPL) in Los
Angeles. HIPPI with crossbar switches will be
used ateach of these sites as the LAN interconnecting
the high-performance systems. SONET will be used
as the long-distance physical-layer transport
media. TCP/IP will be used as the transmission
protocol.

It should be noted that the emphasis of the
CASA testbed is not computer networking, but appli-
cations. That is, can we successfully run problems
spread across supercomputers separated by large
distances, and also have the users separated from
the machines by large distances? For example, there
are plans to run a global climate model that
simultaneously uses the Cray YMP at the San Diego
Supercomputer Center and the Connection
Machine at Los Alamos, with the user at any
CASA site.

A question that we will be trying to answer
is, how well can the problem be split across the wide-
ly spaced machines? The major difference that
will be seen is the long communications delay
introduced by the approximately 2000 km, or 10
ms, between the sites. Another research topic is
the effective error rate: in practice, could the SONET
BER really be as bad as 10-1%/hop, and if so how is
this going to affect the end-to-end operation of
the network? A BER of 10-1%/hop (with many
hops) at 1 Gb/s translates into one or more errors
per second, clearly not adequate for computer-to-
computer operations.

Marrying Data Communications
and Telecommunications

e are seeinga marriage of convenience between
data communications and telecommunica-
tions. Tospan larger distances, computer users have
looked to the telecommunications industry, which
has the longlinesin place. The decision to use SONET
in the CASA testbed for the long hauls was based
on several factors. We found that the telecommu-
nications supplierswere less than enthusiasticabout
providing the equivalent of dark fiber across the
country; there was not much that was very interesting
for them in this approach. Using SONET was
more in line with the telecommunications industry
directions, and hence more interesting to them.
SONET defines a point-to-point capability, ade-
quate for early experiments. The longer-term
solution will require information switching in the
network, and will probably be based on ATM.
ATMusesa 53-octet cell with a48-byte payload. The
telecommunications industry is actively working
on ATM switches operating at gigabit speeds.
Today’s Internet uses store-and-forward switch-
es, scattered around the world, interconnected by
point-to-point links. The links are in the process
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W Figure 1. Crossbar and HIPPI-SONET Interfaces.

of being upgraded from T1 to T3. For the next
generation, rather than providing the switching exter-
nal to the telecommunications network, it seems
advantageous to use shared lines and the telecom-
munications switching capability for switching.
Anadvantage of this approach is that dedicating OC-
48 (2.4 Gb/s) links between distributed data com-
munications switching nodes will probably be
expensive, while providing the bandwidth on demand,
or after ashort setup, may be cheaper. Also, if switch-
ing is already built within the telecommunications
networks, thenwhy duplicate the functionwith a sep-
arate system? A system that shares the data com-
municationswith the telecommunications should be
more cost effective for everyone.

Some of the things that will affect this mar-
riage of data communications and telecommuni-
cations will include the following:

*The latencies involved in setting up the
telecommunications circuits

*Scheduling high-bandwidth connections for such
things as visualization

*Providing an adequate BER

*The charging algorithms used

The possibility of using ATM-based telecom-
munications network equipment for local com-
puter networks is an interesting concept being
investigated at several locations. Supporting mul-
timedia applications requires isochronous data
for voice and video, and telecommunications net-
works provide this support naturally. ATM does not
come free, though. The 48-byte ATM payloadisvery
small compared to normal data communications net-
work packets of 1 to 32 kbytes. Hardware support
must be provided to assemble collections of ATM
cells into larger entities.

Telecommunications networks are circuit-
oriented, i.e., a virtual circuit is allocated between
the source and destination and identifiers assigned.
Thisvirtual circuitsetup is avoided in most of today’s
computer networks. Computer networks today
are based on datagrams, which do not require a
circuit tobe set up before the datagram is transmitted.
In contrast, a communications network requests a
virtual circuit path first, allocating bandwidth and
setting up the virtual circuit and virtual path iden-
tifiers before any data can be moved.

Providing a high-bandwidth physical connec-
tion between two machines does not guarantee
that they can use the bandwidth effectively. The influ-

ences of the protocols above the physical layer
have a major effect. Existing upper-layer proto-
colswere designed to operate with yesterday’s phys-
ical layers. Now, rather than error rates of 10+,
error rates of 10 are expected, largely due to the
improvements gained by using fiber optic compo-
nents. The distances and transfer rates also affect
the protocol. The delay between Californiaand New
York is 30 ms, allowing 3000 packets of 1 kbyteseach
tobe in transit. Window sizes, flow control, and error
recovery at the higher speeds need to be addressed.

Mapping HIPPI to SONET

Los Alamos is planning to build a gateway between
HIPPI and SONET for use in the CASA testbed.
The funding is not finalized on this project, so
only a conceptual design is done so far. Figure 1 shows
a block diagram of the proposed interface.

The crossbar interface (CBI) was originally
designed for use as an intelligent interface
between HIPPI hosts and HIPPI-based crossbar
switches, and has HIPPIinterfaces on eachside. The
CBI provides buffering, flow and routing control,
and a proven platform for the HIPPI-SONET inter-
face. The CBI provides 4 Mbytes of buffering in
each direction, for a total of 8 Mbytes of storage.
The HIPPI protocol requires about 1 kbyte of
buffering/km of distance, or 2 Mbytes for the
approximately 2000 km between Los Alamos and
southern California. The HIPPI data and proto-
col are carried over SONET at speeds up to the
800-Mb/s HIPPI rate.

The connections from the HIPPI-SONET Inter-
face to the SONET equipment are multiple OC-3
lines, each operating atabout 155 Mb/s. HIPPI words
are transmitted over each OC-3 line. For exam-
ple, the first word is sent over OC-3 #1, the sec-
ond word over OC-3 #2, etc. Each HIPPI word
already contains error control information in the
form of odd-byte parity. Optionally, OC-3 #8 imple-
ments a checksum over all of the OC-3 lines,
allowing error data on an OC-3 line to be recon-
structed. This is almost exactly the same as the Redun-
dant Array of Inexpensive Disks (RAID-3) scheme
being used for high-performance striped disks.

The HIPPI-SONET Interface circuitry will oper-
ate with any number of OC-3 lines operational at
one time. This allows for failing OC-3 lines, or
low-cost low-performance interface units with
few OC-3 lines.

The possibili-
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Fiber Channel

When the standardization effort for HIPPI start-
ed in 1987, ANSI Task Group X3T9.3 wanted to
use fiber optics for the increased distance and
EMI/RFI benefits. Unfortunately, the fiber optic
technology was not mature enough at that time,
so HIPPI was based on copper cables to meet the
time and simplicity goals. FCis a follow-on to HIPPI,
building on many of the ideas introduced with HIPPL.
FC is also being developed in ANSI Task Group
X3T9.3.

While HIPPI is more of a communications inter-
face, Fiber Channel was also intended to address the
need for a faster input/output (I/O) channel to
support peripherals such as disks and tapes. FC is
structured to support the IPI-3 command sets for
disk and tape, Small Computer System Interface
(SCSI) command sets, IBM S/370 Block Multiplexer
commands, and HIPPI-FP packets, and includes
a mapping to the IP of TCP/IP.

FC, like HIPPI, is also a point-to-point inter-
face, but is more general and supports more types
of transfers. FC is more of an “all things to all
people” type of interface. In the long run, FC will
provide more capability than HIPPI, but its gen-
erality also produces more complexity, which in turn
makes it harder to specify and implement. HIPPI
can be built with standard off-the-shelf parts,
while an effective FC implementation will require
custom silicon. Also note that large-scale integra-
tion (LSI) chipsets are currently available for HIPPI
designs.

Where options were avoided in HIPPI, FC is
full of options. For example, FC supports four speeds,
with data transfer rates of 100, 200, 400, and 800
Mb/s, corresponding to 132-, 266-, 531-, and
1062.5-Mbaud serial signaling rates. The FC
media may be single-mode fiber, two sizes of
multimode fiber, or even inexpensive copper coax
cable for short distances. Optical transmitters
may be light-emitting diodes (LEDs) or lasers. Com-
binations of the above are specified for different
speeds and distances.

When HIPPI operates in a datagram mode, the
higher-layer protocols worry about error recovery
and retransmission. HIPPI also limits transfers to
a single packet at a time, where the packet may
be of any size. In contrast, FC supports three
classes of service: Class 1— dedicated connec-
tion, guaranteed delivery, and frames received in
transmitted order; Class 2—virtual connection, guar-
anteed delivery, frames may be reordered, frame-
switching, and buffer-to-buffer flow control; and
Class 3— datagrams, delivery, and frame order-
ing not guaranteed.

Class 1 is seen as very useful for visualiza-
tion,where adedicated connection may exist forlong
periods of time, and interference from other data
streams is undesirable. Class 2 will probably be
used heavily for traditional I/O transfers, where mul-
tiple transfers are open at one time with frames from
the different transfers multiplexed on a single
fiber. Class 3 can be used with traditional com-
munications protocols where recovery and reorder-
ingare already handled in the upper-layer protocols,
and connection setup times must be avoided.

FC is structured into four layers for ease of
understanding and documentation. FC-0 specifies

- the physical layer, with the serial drivers, receivers,

media, etc. FC-1 specifies the 8b/10b encoding

and decoding scheme used to encode the data
intoa DC-balanced serial bit stream. FC-1 also defines
special symbols for such things as Idle, SOF,
EOF, etc. FC-2 defines the framing, e.g., where
the address, control, data, and check fields are locat-
ed and what they mean. FC-3 defines common
services such as hunt groups, multicast, and strip-
ing a single packet across multiple FC-0/1/2 com-
binations for higher bandwidth. FC-4s are the
mappings to higher-layer protocols, e.g., to the
IPI-3 command sets for disk and tape. The FC-0, FC-
1, and FC-2 layers have been combined into the
FC physical layer (FC-PH) document [6].

The logical hierarchy within FC is:

*Operation—Logical construct toidentify and
group things for an upper-layer protocol

*Exchange—Group of sequences, normally
related to I/O control blocks

*Sequence—Unidirectional group of frames

*Frame—Basic transfer unit; contains head-
erwith addresses, control, offsets, etc., up to 2kbytes
of data,and a CRC checksum. The frame is the basic
flow control unit; words within a frame are contiguous
and transmitted in a synchronous fashion.

Identifier and offset fields are contained
within each frame’s header, allowing the receiv-
ing port to place the datain the proper place inmem-
ory, hopefully eliminating the need for data
copiesin the receiving computer. Considerable work
has gone into providing multiple levels of indirec-
tion so that the individual frames can be handled
by state machines implemented insilicon, rather than
by a general-purpose processor. The feeling is
that this is mandatory if we are to keep up with
the data transfer rate, multiplexed frames, and
the variety of applications.

For 10-km distances, FC-PH specifies 1300-nm
lasers and single-mode fiber for all of the data
rates. 50-um multimode fiber and 780-nm lasers (CD
ROM lasers) may be used at 531 Mbauds for dis-
tances up to 1 km, and for distances up to 2 km
for the slower rates. 62.5-um multimode fiber and
1330-nm LEDs may be used for distances up to
500 m with the 133- or 266-Mbaud rates.

FC-PH also specifies an electrical interface
for limited distances using 75-ohm CATV or
miniature coaxial cables. The cables are transformer-
coupled, driven by ECL circuits, and use an
equalizer at the receiver. The distances supported
with RG 6/U-1 or RG 59/U-1 CATYV coaxial
cables are 25, 50, 75, and 100 m for the 133-, 266-,
531-,and 1063-Mbaud rates, respectively. Likewise,
the distances using RG 179B/U miniature coaxial
cables are 10, 20, 30, and 40 m. IEEE 802.5 shield-
ed twisted-pair (STP) cable may also be used for dis-
tances of 50 and 100 mwith the 133- and 266- Mbaud
rates.

FDD!I Follow-On LAN

Another interface addressing the gigabit-per-sec-
ond LAN and wide area network (WAN) need is cur-
rently in the early development stages in ANSI
Task Group X3T9.5. The FDDI Follow-On LAN
(FFOL) is intended to support remote file access,
image transfer, video, video conferencing, voice,
multimedia applications, transactions processing,
and low-latency real-time applications. FFOL isbeing
designed to provide sufficient bandwidth to act as
a backbone for multiple FDDI 100-Mb/s ring net-
works and allow efficient interconnection to
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WANSssuch as Switched Multimegabit Data Service
(SMDS) and Broadband Integrated Services Dig-
ital Network (B-ISDN) [7].

FFOL intends to use the existing FDDI cable
plants with both multimode and single-mode
fiber. Data rates will be scalable from STS-3 to at
least STS-48 in the SONET/Synchronous Digital
Hierarchy (SDH). Physical topologies of rings
and trees will be supported, with maximum link
distances of 10 km and a maximum network distance
of 100 km.

Network Architectures

TPPI and FC provide point-to-point connections

that can be used as the basic building blocks
for computer networks. Different types of net-
work architectures are appropriate for different appli-
cations. HIPPI and FC lend themselves to
circuit-switched, ring, and tree architectures.

Circuit-Switched Architectures

For comparison, circuit switching is the user’s
view of the telephone system today. That is, your
callisseparate and independent from someone else’s
call, even though you are both using the same circuited-
switch hardware. The separate butindependent nature
of circuit switching is one of the requirements for visu-
alization. The Los Alamos National Laboratory is
prototypinga circuit-switching architecture called the
Multiple Crossbar Network.

Figure 2 shows a 4 x 4 crossbar switch inter-
connecting four hosts. Note that connections exist
for simultancous transfers from Host 2 to Host 4. and
from Host 3toHost 1. The “CBI” nodes arc the CBIs
discussed earlier and shown in detail in Fig. 1.
The CBIs would perform such functions as data
buffering, flow control, switch access generation,
address resolution, security checking, and low-
level protocols. The CBIsare verysimilar to the CABs
for the Carnegie-Mellon NECTAR project being
developed by Network Systems Corporation. The
CBIisalso the building block for the HIPPI-SONET
Interface described earlier.

The circuit-switched components run at the
basicchannel rate, and obtain a high total bandwidth
by allowing multiple channels to be active simul-
taneously. For example, an 8 x 8 circuit switch for
HIPPIwould have each channel running at 800 Mby/s,
the circuits within the switch running at 800 Mb/s,
and a total bandwidth of 6.4 Gb/s. In use. one
mainframe may be sending data to a visualization
station, while another mainframe is reading data
from a disk system, with both simultancously
transferring data at 800-Mb/s rates.

Normally, once a connection is completed,
the channel operates as if there were no switch
involved. That is, delays may occur on circuit
setup, but no delays, other than circuit delays. are
encountered once the connection is completed.

Circuit switches usc different access control
mechanisms than traditional bus or ring computer
network architectures. Namely, if a source on a switch
finds that its requested destination is busy. and
the source has data for a different destination, the
source can try sending to the second destination. With
a bus or ring, if the media was busy, you could not
send even if you had data for another destination.

Camp-on features may also be used to hang
a source waiting for a specific destination to com-

Host 2
(Rx)

@ CBI

Host3| [Host4
(Rx) (Rx)

© 6

Host 1
(Rx)

Host 1
(%) CBI
Host 2
(T%) CBI
Host 3
M) CBI
Host4
(Tx) |

W Figure 2. Circuit-switched architecture.

plete. Call-queuing schemes have also been proposed
for connectionsetups. Switch systems need towatch
out for hung channels and channel hogs. In the
absence of a busy destination, setting up acircuit may
take from less than 1 ps to 1 ms, depending on
the switch size and connection control circuitry. Once
completed, delays through the switch from a few
nanoseconds to 1 s may be encountered.

While a ring or bus system may grow indcfi-
nitely, one attachment at a time, circuit switches grow
in major increments. For example, if you are
using an 8 x 8 switch andwant to add a ninth element,
then you have to buy a whole other 8 x 8 switch
and intcrconnect the switches. Switch architec-
turcs are oftensquare, c.g., crossbars, but may be tai-
lored to avariety of applications. For example, alocal
switch may interconnect several workstations but
have only one connection to the main switch, sup-
porting only one mainframe-to-workstation trans-
fer at a time.

Therce are advantages to large switches, ¢.g..
up 10 4096 connections, and to small modular switch-
es. ¢.g.. 8 X 8 or 32 x 32, and vendors are building
both. Some of the early uscs may give us some guide-
lines on the best way to apply switches.

Ring Architectures

Computer networks based on ring architectures pro-
vide a singlc data path, which is shared by all of
the attachments. This single data path limits the total
bandwidth, but does give a natural broadcast
capability. Bus access is usually determined by token
passing or time slots. An advantage of rings is
that it is usually fairly easy to add one more sta-
tion. FDDI is an example of a ring network run-
ning at 100 Mby/s [8]. There are also some proposals
for rings that allow multiplc messages to simulta-
neously reside on the ring, increasing the poten-
tial bandwidth [9].

Figure 3 shows a ring network interconnect-
ing four hosts. The ring interfaces (Rls) perform
such functions as data buffering, ring access,
security checking, and low-level protocols.

Fiber Channel-based rings are being consid-
ered for connecting peripherals, e.g., disks, to
mainframes. In this environment, the limitation
of a single data path is not critical, since the
mainframec is normally the single generator and user
of the data. It is envisioned that these rings would
be cheaper than a circuit-switched architecture.
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be used as
the basic
building
blocks for
computer
networks.
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Host

W Figure 3. Ring architecture.

W Figure 4. Tree architecture.

Tree Architectures

Tree architectures, as shown in Fig. 4, allow
simultaneous transfers as long as there is no con-
tention, i.e., two messages trying to use a com-
mon link simultaneously. For example, Host 1
can transmit to Host 2 while, simultaneously,
Host 3is transmitting to Host 4. Butif Host 1 is trans-
mitting to Host 4, then Hosts 2 and 3 are locked
out. Advantages of tree architectures are the sim-
ple and regular structure of the switching nodes
(A, B, and C in Fig. 4) and the modular way they
can be interconnected. Tree architectures are not
very common in today’s computer networks, but
are being proposed for low-cost FC systems.

Conclusions

Computer networks operating at gigabit-per-sec-
ond transfer rates are seen as necessary for many
applications, and gigabit networks are becoming
available. HIPPI, FC, and FFOL will provide
some of the basic building blocks for these networks.
Gigabit-speed LANs will be interconnected via
WANSs and telecommunications networks using
SONET and ATM. These combined networks
will provide increased user productivity and long dis-
tance data sharing. Fiber optics is an enabling
technology, providing the longer distances, higher
bandwidths, and improved error performance
necessary for the next generation of network
equipment.
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